INTRODUCTION
IN a previous paper Perkins and Jinks (1968) described a procedure for the joint analysis of genotype-environmental interactions among F1 hybrids. In this approach the genotype-environmental interactions for the heterozygous loci of each F1 (after averaging over reciprocal crosses) were defined relative to the average performance of its own two parents in each environment.
This analysis is satisfactory for a miscellaneous collection of parents and F1's but it will not take full advantage of the systematic relationships that exist between them if they belong to a diallel set.
In the present paper an alternative approach will be described in which the genotype-environmental interactions of each F1 hybrid in a diallel set are defined relative to the average performance of all the parents in each environment. This means that the interaction detected between a particular F1 and the environment is the summed effect of both the heterozygous loci, the loci for which its own two parents differ, and of the homozygous loci, the loci for which its two parents are identical but for which the diallel parents, as a whole, differ.
THEORY (i) Models
The mean phenotype of the ith parent in thejth environment, P1, can be written as P5 = for the general case of unequal gene frequencies among the parental lines. The definitions of these parameters are given in Perkins and Jinks (1968) .
Correspondingly the mean phenotype of the (ii) th F1 (derived from the two parents P and P1) in the jth environment, F(jj)J, can be written as F(j)j = f(il) is the genetic component of the (ii) th F1 and is obtained from the average performance of the F1 over s environments (F(jj)/s = IL-I-f(u)) minus the mean performance of all parents in all environments which in the presence of unequal gene frequencies equals '. The genetic component of the (il)th Fl,f), contains an additive genetic portion due to loci, for which the two parents are identical, in the homozygous state which is equal to = where s is the number of environments, and a dominance portion due to loci, for which the two parents differ, in the heterozygous state, which is equal to
The estimate of the dominance portion, h(), is independent of unequal gene frequencies among the parents and it is therefore identical to the h(U), the corresponding parameter for the case of equal gene frequencies, of the previous paper.
In summary = and similarly g;(l)3 = (g + g) + that is, the interaction of the (ii) th F1 in the jth environment, g,1)3, is composed of the interaction for the additive genetic portion, equal to and the interaction for the dominance portion, g(1)
• Where the genotype-environmental interaction component is found to be a linear function of the environmental component, e, it can be redefined for the ith parent in the jth environment as gjjj = (for the definitions of these parameters see Perkins and Jinks, 1968) , and correspondingly for the (ii) th F1 in the jth environment as = + 8f(jl)j where fl and are the linear regression coefficients expressing the interaction of the ith parent and (ii) th F1 with environments respectively. J3 can be partitioned into additive genetic and dominance interaction portions such that
The average of all the parents in environment j provides an estimate of ji' + e. The mean phenotype of the ith parent in the jth environment, Pjj, minus a'+ provides an estimate of d+g5. The linear interaction coefficient of the ith parent, fl, is obtained from the regression of d+ g5 against jt' +e (effectively the regression of g5 against since d and jt' are constants over environments) as previously described by Perkins and Jinks (1968) . Similarly, the joint regression analysis of variance for the parents of a diallel set is the same as that described for multiple inbred lines in the previous paper.
The estimate of , the environmental index, is derived from the average of all the parents in the jth environment and is therefore, independent of any information from the F1's. For this reason the mean phenotype of the ilth F1 in the jth environment, F(jj)j, (where F(jj)j denotes the average of the two reciprocal crosses, -F(j);+ F(j);, if both are grown) can be regressed against to yield a linear interaction coefficient equal to (l+P(). The F1 joint regression analysis of variance can then be obtained in the more normal way with ajoint regression item for 1 degree of freedom. The heterogeneity of regression M.S. is equal to
with [-(t2-t) -1] degrees of freedom, where u is the experimental error M.S. and I is the number of diallel parents. This is clearly a function of the variation between the linear interaction coefficients of F1's around the mean of these coefficients
The degrees of freedom appropriate to the F1 joint remainder item are (t2-t)(s-2). In order to make a test of significance for the individual fl value of each F1 it is necessary to subtract one from the linear interaction coefficient obtained from the regression of F (u) against ' + which as we have seen is equal to 1 + P'f(il).
If comparisons between reciprocal crosses are to be included in the joint regression analysis of F1's, in which reciprocal crosses have been averaged in each environment, then the estimates of the sum of squares for the joint regression, the F1 heterogeneity of regression and F1 remainder items described above should be doubled. In order to obtain comparisons for reciprocal crosses it is first necessary to regress the mean phenotype of each reciprocal cross, F(il)J and F(lj)J, against ji'+ independently. The sum of squares for the heterogeneity between reciprocal crosses is then given by -t E regression S.S. for reciprocals separately
-2 E regression S.S. for reciprocal averages
(ii) 1 and the sum of squares for the remainder between reciprocal crosses by C' -t L' remainder S.S. for reciprocals separately
-2 E remainder S.S. for reciprocal averages
The total sum of squares and degrees of freedom for a I x I diallel in s environments are accounted for by the items in the joint regression analysis of diallel parents and of the F1 hybrids (including comparisons between reciprocal crosses) together with two further items, namely, the sum of squares for F1's versus parents with one degree of freedom and for the differences between reciprocal crosses with (t2 -t) degrees of freedom. The diallel data previously analysed in Perkins and Jinks (1968) was that for the character final height of eight inbred lines of Nicotiana rustica and all possible F1's grown in each of six environments (Jinks, 1954, 1956 and unpublished) . The results for the joint regression analysis of the parents (first four items in table 1) have already been discussed in the previous paper.
There is art overall difference between F1's and parents indicated by the significance of item 5 in table 1. This mean difference (h) has a value of 706 showing that the average dominance contribution to F1 generation means is in the direction of a higher performance relative to the average performance of the parents.
All three items for differences between reciprocal crosses (table 1) have highly significant x2' when compared with the experimental error. The significance of item 10 means that reciprocal crosses differ for their average performance over environments (i.e. in generalf f)); of item 11 that they differ in their linear genotype-environmental interactions (i.e. in general (il)
)and of item 12, that they also differ in each environment for their deviations from regression (i.e. in general f(i) Furthermore, reciprocal crosses differ proportionately more in their linear interactions than in their non-linear interactions as indicated by the significance of the variance ratio between items 10 and 11. The items in the joint regression analysis for F1's, except for the joint regression item, must be compared with the corresponding items for reciprocal crosses because of the significance of the latter items. When tested in this The item against which the test is made is given in brackets. *** P < 0'OOl. ** 0•001=0•01.
way, all the F1 items are highly significant (table 1) . The F1's differ, therefore, in their f's, flf(S and f(il)J'S despite the significant differences for these components between reciprocal crosses. Furthermore, the joint regression mean square is highly significant when tested against the heterogeneity of regressions mean square while the latter is highly significant against the remainder mean square. These significances indicate that there is an overall similarity among the F1's in their linear regressions and that the linear component, on average accounts for a significantly larger proportion of the genotype-environmental interactions than the non-linear
(ii) Estimation of dominance parameters and testing their sign jficance
The estimates of the additive genetic component, d, and the linear regression coefficient for its interaction with the environment, fl (along the diagonal) and the estimates of the genetic component,f and its interaction coefficient, fl(j for the average of the two reciprocal crosses in each environment (off the diagonal) are given in table 2. of the F1's with environments, /3, is therefore more often positive and hence in the direction of greater sensitivity to the environment, that is, the alleles conferring greater sensitivity to the environment are dominant more often than the alleles conferring lesser sensitivity. The significant positive value of h (see item 5 in table I) also arises from the high frequency of F1's with positive h0 so that dominance is more often in the direction of higher performance. The overall similarity between and is further shown by their highly significant and positive correlation (r20 = 0.64).
The six F1's with both a significant fi'h and value all have 2 or 4 as one parent. Furthermore, all except one of these F13s (4 x 7) have a significant non-allelic interaction component of their performance (Jinks, 1954 , 1956 , Jinks and Jones, 1958 . Since the large and positive h values for these crosses contain contributions from these non-allelic interactions, it seems likely that the large and positive j9 values of the same crosses also contain a contribution from the interactions of the non-allelic interactions with the environment. These relationships have been investigated further in hierarchical analyses of variance for the estimates of and for the 28 F1's. The F1's can be divided into two groups according to whether or not a significant non-allelic interaction component of their performance has been detected by a joint scaling test (Jinks, 1956 Perkins and Jinks (1968) , but the corresponding values of and differ. This difference is expected and arises from the fact that the values are obtained in different ways. In the present approach where is derived from the average performance of all the parents in environment j it is equivalent to [1 + E(u-v) Pd]e (see Perkins and Jinks, 1968 , section 2). In the previous approach , which was derived for the (ii) th F1 from the average performance of its two parents, Pj and P1, in environmentj, is equivalent to [e + (guj +g)] of the present analysis. Thus, when a significantly large proportion of the genotype-environmental interactions for each P, P1 and F(ll) combination are linear, P'h in the present paper is equivalent to [1 + E(u-v)8d] and fijj in the previous paper is equivalent to The biasses, E(u-v)/3d and 3di+ /3j) produced in P,(iz) by the two approaches are constant over environments. However, the bias produced by the approach presented in this paper, 22(u v) , is constant over F1's whereas that produced by the approach presented in Perkins and Jinks (1968) , namely, (a+ fl,jj) varies according to the particular pair of parents and F1 concerned.
EPISTASIS, HETEROSIS AND G X E INTERACTION
Since the bias due to unequal gene frequencies L'(u-v)d in the estimate of the flfl(j) ofthe approach presented in this paper is constant not only over environments but also among all the F1's of a diallel set, valid comparisons can be made between the dominance interaction coefficients, of F1's.
The corresponding values of h are unaffected by unequal gene frequencies. If the definitions of and andf) and d are compared it will be seen that they are affected by unequal gene frequencies in the same way so that again valid comparisons can be made between them.
In the presence of unequal gene frequencies and non-allelic interactions, further modifications must be made to the definitions of the parameters that are estimated. Only digenic non-allelic interactions will be considered using the model of Hayman and Mather (1955) as extended by Jinks and Jones (1958) to the case of many pairs of interacting genes regardless of their state of distribution between the parents. The definitions of the interaction parameters in the Fco notation as described by Van der Veen (1959) 
The simplifications that take place in these definitions when there are equal gene frequencies are given in column 3. As before in the presence of unequal gene frequencies. In table 3 the crosses with both a significant P(jj) and value (P <0.05) for which there is evidence of non-allelic interactions are 2 x 5, 2 x 6, 2 x 8, 4 x 5 and 4 x 6. Examination of table 2 shows that, for both the components (ii) and these same crosses exhibit some degree of heterosis. This agrees with the conclusion of Jinks and Jones (1958) , that, for the genetic If this cross and its two parents were ever grown in an environment as bad as = -16.47 this expression would have a value of zero, i.e. there would be no heterosis for final height. It seems, then, that in most environments the F1's with a high performance will be superior in performance to the better parent. If an immediate response to an improvement, such as an increase in fertiliser supply, was the desired feature of a commercially acceptable genotype such F1 hybrids would be ideal since they are not only superior to the better parent for average performance but they also have a correspondingly greater response to environmental changes. On the other hand, if a genotype with the same average performance as these superior F1's but with a much lower sensitivity to environmental fluctuations is required, there is nothing available in the present material which satisfies these conditions because of the correlation between the two components of the phenotype. The nearest approach to this ideal is one of the parents, parent 4. In Perkins and Jinks (1968) , however, evidence that these two components are under independent genetic control was presented and it was shown that the correlation can be broken among inbred derivatives of a segregating population. Similarly, Jinks and Mather (1955) found that for the same diallel material the inbred parents that contained most of the dominant alleles for early flowering were different from those containing most of the dominant alleles for low intra-plot variance.
Because of a positive correlation between plot mean and intra-plot variance the metric analysed for final height was the ratio of intra-plot variance to plot mean for which there was only slight evidence for its heritable control. Thus, there is a correlation between plot mean and intra-plot variance for this character and a positive correlation at least for the F1's between the dominance component, h1), and its linear interaction with environments, It is not surprising, therefore, to find that the genotype-environmental interactions within environments (average intra-plot variance) and between environments (8 and respectively) are also positively correlated for the parents and F1's (r = 067, d.f. = 34).
5. SUMMARY
1. In a previous paper (Perkins and Jinks, 1968) an analysis of the genotype-environmental interactions of F1's was given. This has now been extended to take full advantage of the systematic relationships that exist between F1's belonging to a diallel set. 2. The principal merit of the new analysis is that direct comparisons can be made between the F1's of a diallel set for the linear and non-linear components of their interaction with the environment. 3. The new analysis is illustrated with the final height data of a diallel set of crosses among eight inbred lines of Jficotiana rustica and the results are compared with those of the previous analysis.
4. The F1's of .N. rustica have on average a higher performance and a higher sensitivity to environmental change than their inbred parents and the crosses mainly responsible for these high values are those which are known to have an epistatic contribution to their generation means.
5. Modifications to the definitions of the genetic, environmental and genotype-environmental interaction parameters of the diallel that are necessary in the presence of epistasis are given.
6. The combined effect of genotype-environmental and non-allelic interactions on the degree of heterosis and on the selection of commercially acceptable genotypes are discussed.
